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The study of quantum coherence in condensed matter systems is a broad avenue to be explored
toward the enhancement of its quantum properties by means of material engineering. In this regard,
the present work reports a study of the influence of temperature, pressure and magnetic fields on the
quantum coherence of a Cu(II) metal-silicate framework. We calculate the l1 trace norm quantum
coherence as a function of the magnetic susceptibility of the compound, which allows us to evaluate
the effects of these external parameters on the degree of coherence of the material. Our results show
that the quantum coherence of a low-dimensional molecular magnetic system can be handled by the
management of the external conditions, offering new prospects for quantum coherence measurements
through magnetometric experiments.
I. INTRODUCTION
The development of new technologies has provided
great advances in materials preparation techniques, lead-
ing to the emergence of new electronic devices. Nowa-
days, we have reached the point where the miniatur-
ization of these devices has led to the development of
molecular size components. However, designing molec-
ular components requires a deep understanding of the
quantum properties of these components. The techno-
logical challenges of quantum information science led us
to consider fundamental aspects of molecular magnetism,
because of its ease of synthesis, great versatility, and low-
dimensional quantum features [1–12].
In recent years, it has been demonstrated that molec-
ular magnetic systems present themselves as strong can-
didates as prototype materials for emerging quantum de-
vices, and the characterization of its quantum correla-
tions has received a considerable attention [2, 4–8, 12–
15]. Recently, it has been demonstrated that this systems
may be immune to decoherence mechanisms, presenting
highly stable quantum correlations against external per-
turbations such as temperature and magnetic fields [2, 4–
8, 12–15]. On the other hand, while the entanglement and
nonclassical correlations (or quantum correlations) are a
key resource to characterize the quantum properties of a
bipartite and some multipartite systems, quantum coher-
ence is a common necessary condition for different forms
of quantum correlations [16, 17], being a fundamental
feature for signifying quantumness in an integral system
[17].
Quantum coherence, arising from the coherent su-
perposition of quantum states, is a remarkable feature
in quantum optics, quantum information theory, solid
state physics, quantum game theory, quantum metrol-
ogy and thermodynamics [16–28]. Recently a criterion
of measurement that quantifies quantum coherence in
solid states system was proposed by Baumgratz et al.
[29]. The authors established the fundamental assump-
tions for a quantitative theory of coherence, enabling the
development of a rigorous theory of quantum coherence
as a physical resource [24]. However, in order to utilize
the remarkable features of quantum coherence it is nec-
essary to define a consistent theoretical basis to measure
it experimentally.
In the present work, we report a study of the l1 trace
norm quantum coherence [17, 24, 29, 30] in a antiferro-
magnetic metal-silicate framework, formed in the com-
pound KNaCuSi4O10 [12, 31]. We establish a relation-
ship between the the measurement of quantum coherence
and the magnetic susceptibility of the compound, which
allows us to estimate the thermal quantum coherence di-
rectly from a set of experimental data. We characterize
the degree of quantum coherence in this molecular mag-
netic system and investigate the influence of the tempera-
ture, pressure and magnetic fields. Our results show that
it is possible to handle the degree of coherence in a low-
dimensional molecular magnetic system by controlling
those external conditions, offering a new prospect for the
measurement of quantum coherence in condensed matter
systems through magnetometric experiments, leading to
the development of novel materials with enhanced quan-
tum properties employing materials engineering.
II. QUANTUM COHERENCE IN A
MOLECULAR MAGNETIC SYSTEM
Geometric approaches are widely used to characterize
and quantify the quantum correlations in a wide variety
of quantum systems. Similarly to that proposed in the
entanglement theory [32], from which the entanglement
can be characterized by a distance between the consid-
ered state and a set of states closed under LOCC opera-
tions (separable states) [17, 29, 32–34], Baumgratz et al.
[29] provides one path towards quantifying the amount
of coherence in a quantum state ρ. From the minimal
distance D(ρ, σ), between the considered quantum state
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2ρ and a set {σ = ∑dk |k〉〈k| ∈ I} of incoherent states of
the d-dimensional Hilbert space, it is possible to quantify
the quantum coherence as:
CD = min{σ∈I}
D(ρ, σ) (1)
where D(ρ, σ) is any measure of distance between the two
density matrices, where the reference basis {|k〉}{k=1,...,d}
may be defined by the physical nature of the problem
under investigation or by a task for which coherence is
required [24, 29].
From the selected reference basis, the superposition
consists in the nonvanishing off-diagonal terms of the
density operator ρ that describes the quantum state of
the system of interest [17, 29]. From this consideration
Baumgratz et al. [29] showed that the l1 trace norm
can be a reliable measurement of quantum coherence
[17, 24, 29, 30] as
Cl1 = min
σ∈I
‖ρ− σ‖l1 =
∑
i 6=j
|〈i|ρ|j〉| . (2)
In order to study the role of external parameters, such
as temperature, pressure and magnetic fields, on the
quantum coherence of a molecular magnetic system, we
will take the reference basis as one of the spin eigenbasis
in a certain direction within a quantum metrology set-
ting. For the temperature dependence on the quantum
coherence, in an experimental point of view, we associate
the calculation of the trace norm quantum coherence to
the measurement of magnetic susceptibility.
A. Experimental determination of thermal
quantum coherence
The material, in which we evaluate the quantum co-
herence, is the KNaCuSi4O10 compound [12, 31, 35], a
metal-silicate framework formed by Cu(II) spin dimers
(d9 electronic configuration). This material was chosen
because it has synthetic analogs of the naturally occur-
ring mineral litidionite [31], being an ideal realization of
a two-qubit system [12], since these dimers are magnet-
ically isolated from each other, separated by two SiO4
corners [31].
Therefore, this prototype material can be described by
two-qubit system interacting by the Heisenberg model
[1, 12, 31, 36],
H = −J ~S1 · ~S2 , (3)
where J is the coupling constant. The magnetic sus-
ceptibility of this prototype material corresponds to the
Bleaney-Bowers equation [1, 37]:
χ(T ) =
2N(gµB)
2
kBT
1
3 + e−J/kBT
, (4)
where g is the Lande´ factor, µB is the Bohr magneton,
kB is the Boltzmann constant and N is the number of
dimers. Magnetic susceptibility measurements for the
KNaCuSi4O10 compound are presented in reference 31,
where the measurements have been performed between 2
K and 350 K. Taking into account the crystal structure of
this compound, the susceptibility data have been fitted to
the Bleany-Bowers equation, Eq. (4), where the authors
obtain J/kB = −2.86(3) K (antiferromagnetic coupled
ions).
To go further and analyze the quantum coherence
by means of the magnetic susceptibility of the mate-
rial, firstly, we write the density matrix of the sys-
tem under consideration in the local Sz eigenbasis
{|00〉, |01〉, |10〉, |11〉}, [12, 38, 39] :
ρ(T ) =
1
4
1 + c(T ) 1− c(T ) 2c(T )2c(T ) 1− c(T )
1 + c(T )
(5)
where,
c(T ) =
2kBTχ(T )
NAg2µ2B
− 1 (6)
is the correlation function between the spins [2, 12, 38,
39]. The isotropy of the magnetic material and the ro-
tation symmetry of the Heisenberg interaction, Eq. (3),
at zero field makes the density matrix, Eq. (5), the same
Bell’s diagonal mixed state for any local S(x), S(y) or
S(z) eigenbasis. Thus, for the isotropic Heisenberg inter-
action, the coherence will be basis independent for any
of these spin eigenbasis.
From Eq. (2) and (5) one can evaluate the tempera-
ture dependence on the l1 norm quantum coherence as a
function of the temperature, measured by the magnetic
susceptibility of the compound as
C(T ) =
∣∣∣∣2kBTχ(T )NAg2µ2B − 1
∣∣∣∣ . (7)
Therefore, from Eq. (7), it is possible to measure quan-
tum coherence in a low dimensional molecular magnetic
system by measuring the thermodynamic properties of
solids, such as magnetic susceptibility.
In Fig. 1, we show the quantum coherence obtained
from the measurement of the magnetic susceptibility of
our prototype material KNaCuSi4O10, reported in ref-
erence 31. The theoretical curves were plotted taking
the corresponding estimates for the coupling constant
J/kB in Eq. (7). The reference 4 investigates the ther-
mal quantum entanglement of this prototype material
finding the maximum temperature of 2.43(7) K below
which there is quantum entanglement between the Cu(II)
ions; at this temperature the coherence of the system
is 35% of the maximum value. As can be seen, as ex-
pected, increasing the temperature changes the Boltz-
mann’s weights due to the thermal fluctuations, which
changes the occupation of the energy levels, leading the
system to populate incoherent states.
On the other hand, apart from its quantification and
characterization, the coherence is intimately associated
3Figure 1. Experimental (open circles) and theoretical (solid
red line) quantum coherence as a function of the temperature,
measured by the magnetic susceptibility of the KNaCuSi4O10
metal-silicate framework [31].
with other quantum correlations quantifiers [40, 41].
Thus, quantum coherence and correlations can be trans-
formed into each other. The quantum discord [42], a mea-
surement of quantum correlations beyond entanglement
[2, 24, 41], can also be quantified in molecular magnetic
system via a distance based approach [2, 3, 12]. In this
regard, Eq. 7 relates to the geometric quantum discord
based on the Schatten 1-norm [43] as
QG(ρ) = min
ωcq
‖ρ− ρc‖ = C(T )
2
, (8)
where ‖A‖1 = Tr
[√
A†A
]
, ρ is a given quantum state
and ρc is the closest classical-quantum state [44, 45].
Therefore, the measurement of quantum coherence can
also quantify the amount of quantum correlation in a
molecular magnetic system.
B. Influence of the external pressure
Recently, using Density Funtional Theory calculations
[46], one of us shown that the application of an hydro-
static pressure in the prototype material KNaCuSi4O10
induces a structural contraction, which leads to a mini-
mization on the degree of its quantum correlations [12].
Through the dependence of the magnetic coupling con-
stant of the compound with the external pressure [12] we
calculate magnetic susceptibilities, Eq. (4), from each
magnetic coupling constant. Thus, by using Eqs. (7)
it is possible to evaluate the influence of an hydrostatic
pressure on the quantum coherence of a low dimensional
molecular magnetic system. In this way, we establish
a relationship between the quantum coherence and sig-
nificant macroscopic effects, as an external hydrostatic
pressure applied on the magnetic material.
Figure 2 shows temperature dependence on the quan-
tum coherence for different values of hydrostatic pressure.
As obtained in the reference 12, increasing the pressure
in the system leads to a decrease on the lattice parameter
and volume of unit cell; as a consequence, the exchange
parameter of the system increases until it becomes posi-
tive changing the energy levels, i.e., the system ceases to
be ordered antiferromagnetically in an entangled ground
state [|01〉 − |10〉] /√2 and is led to populate ferromag-
netically ordered states with a lower degree of coherence.
Due to this change of the exchange parameter sign, there
is a gap in the coherence of the ground state, as it can
be seen in figure 2, increasing the hydrostatic pressure
on this prototype material leads to the decrease of the
degree of coherence in the system.
0 . 1 1 1 00 . 0
0 . 2
0 . 4
0 . 6
0 . 8
1 . 0
 
 
Coh
ere
nce
T e m p e r a t u r e  ( K )
P r e s s u r e : 4 . 6 9  G P a 3 . 6 9  G P a 2 . 4 9  G P a 1 . 8 8  G P a 0 . 7 1  G P a
 1 0 - 4  G P a 
Figure 2. Temperature dependence of the quantum coher-
ence calculated for different values of hydrostatic pressure.
This result was obtained through the dependence of the mag-
netic coupling constant J with the external pressure, which
was obtained by Density Funtional Theory calculations the
KNaCuSi4O10 metal-silicate framework, reported in reference
12. Solid black line is the coherence ontained at ambient pres-
sure shown in figure 1.
Therefore, increasing the pressure changes the mag-
netic alignment, which yields a change on the occupation
of the energy levels, leading the system to a less coherent
configuration. On this matter, it is possible to handle the
degree of coherence of a low dimensional molecular mag-
netic system by managing the pressure applied on the
system, since the external pressure induces a structural
contraction in the metal–silicate framework, leading to a
change of its magnetic alignment and reducing the degree
of quantum coherence in the dimeric unit. This result
shows that the degree of coherence in a spin cluster sys-
tem can be controlled by the management of structural
parameters such as the lattice parameter and volume of
the unit cell, allowing the manipulation of the quantum
coherence by materials engineering.
4C. Influence of the longitudinal and transverse
magnetic field
Unlike other quantum information theoretic quanti-
fiers, quantum coherence is basis dependent. The ref-
erence basis {|k〉} concerning the coherence is measured
in regard to the physical problem under investigation;
e.g., for molecular magnetic systems the usual basis is
the spin eigenbasis in a certain direction, {Sx, Sy, Sz},
within a quantum metrology setting.
In order to investigate the influence of the applica-
tion of an external magnetic field on the prototype ma-
terial KNaCuSi4O10, we consider the magnetic field ~B
along the z direction. One can evaluate the coherence
for two reference bases: one parallel to the applied field
(Sz eigenbasis) and another perpendicular to the field (Sx
or Sy eigenbasis). The Hamiltonian that rules this sys-
tem interacting with an external magnetic field is given
by
H = −J ~S1 · ~S2 − µBg ~B ·
(
~S1 + ~S1
)
. (9)
Thus, our aim is study how the applied fields, parallel
to the density matrix basis Sz (longitudinal field) and
perpendicular to the density matrix basis Sx (transverse
field), affect the degree of quantum coherence in our pro-
totype material.
1. Longitudinal Field
The bipartite density matrix of this system can be writ-
ten in the S(z) eigenbasis: {|00〉, |01〉, |10〉, |11〉} [38, 39]
as a X-shaped matrix:
ρz(T,Bz) =
ex
2Z

2eβhz
1 + e−4x 1− e−4x
1− e−4x 1 + e−4x
2e−βhz
 .(10)
where
Z(T,Bz) = e
x + e−3x + 2ex cosh (βhz) , (11)
with β = 1/kBT , x = βJ/4, hz = µBgzBz, and Z is the
partition function.
The trace norm quantum coherence, Eq.(2), can be
calculated in terms of these matrix elements as:
Cz(T,Bz) =
∣∣∣∣ 1− e−4x1 + e−4x + 2 cosh (βhz)
∣∣∣∣ . (12)
Figure 3 shows the quantum coherence of our proto-
type material, as a function of the applied longitudinal
field (figure 3(a)) and the temperature (figure 3(b)). As
can be seen, the application of longitudinal magnetic
field decreases the degree of coherence. As a system in
equilibrium at 0 K is always in its maximally entangled
ground state [|01〉 − |10〉] /√2, since it is an antiferromag-
netic 1/2-spin dimer [12, 31], when the longitudinal field
reaches a critical value of Bc = 21279 Oe the system will
be led to the incoherent ground state |00〉, i.e, all spins
aligned with the applied field. Hence, there is an abrupt
change in the degree of coherence of the ground state,
the system changes from a maximally entangled ground
state with Cz = 1 (B < Bc) to an completely incoher-
ent ground state (B ≥ Bc), due to the Zeeman effect
along the parallel direction with the density matrix ba-
sis. Therefore, the aplication of a longitudinal magnetic
field changes the energy eigenvalues, which leads the sys-
tem to a different ground state with a smaller degree of
coherence.
0K
1K
5K
10K
15K
20K
1 10 100 1000 104
0.0
0.2
0.4
0.6
0.8
1.0
Magnetic Field(k Oe)
C
oh
er
en
ce
(a)
0 kOe
15 kOe
20 kOe
25 kOe
30 kOe
50 kOe
0.01 0.10 1 10 100
0.0
0.2
0.4
0.6
0.8
1.0
Temperature(K)
C
oh
er
en
ce
(b)
Figure 3. (Color online) Quantum coherence for selected tem-
peratures as a function of the applied field in the (a) parallel
eigenbasis Sz (longitudinal field) and (b) the perpendicular
eigenbasis Sx (transverse field).
Although absolute zero is not physically realizable, the
changes on the degree of coherence between the Cu(II)
ions, due to the application of the longitudinal, are high-
lighted in low temperatures. At nonzero temperatures,
the thermal fluctuations compete with the magnetic in-
teractions changing the occupation of the energy levels
[6, 15, 47]. Therefore, increasing the temperature will
5populate many incoherent states, decreasing the degree
of coherence of the system. In contrast, when a high lon-
gitudinal magnetic field is applied at low temperatures
the ground state tends to be less coherent than some ex-
cited states. Thus, increasing the temperature may lead
the system to some excited states with a larger degree of
coherence, yeldind a small increase on the quantum co-
herence, as can be seen in figure 3(b) around 1 K. Similar
effects were also encountered for the entanglement of for-
mation and quantum discord in the references 6, 47–49.
2. Transverse Field
On the other hand, the field applied on z direction
breaks the isotropy of the Heisenberg interaction due to
the Zeeman effect along this direction [1]. In this re-
gard, in order to study the effects of the application
of a transverse magnetic field on the quantum coher-
ence of KNaCuSi4O10 compound, we rewrite the den-
sity matrix Eq.(10) in the perpendicular eigenbasis, S(x),
{|+ +〉, |+−〉, | −+〉, | − −〉} as:
ρx(T,Bz) =
ex
2Z
cosh(βhz) + 1 sinh(βhz) sinh(βhz) cosh(βhz)− 1sinh(βhz) cosh(βhz) + e−4x cosh(βhz)− e−4x sinh(βhz)sinh(βhz) cosh(βhz)− e−4x cosh(βhz) + e−4x sinh(βhz)
cosh(βhz)− 1 sinh(βhz) sinh(βhz) cosh(βhz) + 1
 . (13)
From Eq. (13) one can found that the transverse field
quantum coherence as:
Cx(T,Bz) =
ex
Z
(|cosh(βhz)− 1|+ 4 |sinh(βhz)|+
+
∣∣cosh(βhz)− e−4x∣∣) . (14)
In Figure 4, we show the quantum coherence of our
metal-silicate framework as a function of the applied
transverse field (figure 4(a)) and the temperature (figure
4(b)). In contrast to the application of a longitudinal
magnetic field (figure 3), the transverse field increases
and strengthens the degree of coherence between Cu(II)
ions in the dimeric cluster. It also can be understood
in terms of the population change of the ground state,
due to the variation of the Boltzmann’s weights, which
leads to a change on the occupation of the energy levels
[6, 15, 47].
Due to the rotational invariance of the Bell states,
at 0 K and Bz < Bcthe system is found in the the
maximally entangled ground state [|+−〉 − | −+〉] /√2
on the S(x) eigenbasis, with quantum coherence
Cz = 1. For the transverse field Bz ≥ Bc,
the system will be led to the ground state |00〉 =
[|+ +〉+ |+−〉+ | −+〉+ | − −〉] /2, which has the
maximal coherence degree Cz = 3, i.e., the ground state
becomes maximally coherent beyond the coherence of the
maximally entangled ground state. Thus, this metal-
silicate framework changes from a maximally entangled
ground state Cz = 1 (B < Bc) to a maximally coherent
ground state with Cz = 3 (B ≥ Bc) even at nonzero tem-
peratures (figure 4(b)). This transition, induced by the
application of a transverse magnetic field, describes an
abrupt change in the degree of coherence of the ground
state, due to the uncertainty relations between the Sz
spin direction of the Zeeman effect and the Sx eigenba-
sis, in which the density matrix is written, Eq. (13). This
yields a change in the populations of the energy levels,
leading the system to a state with the highest degree of
coherence. Therefore, the transverse field effect is to pop-
ulate such coherent states, leading to an increase in the
degree coherence of the system.
It is worth noting that, for T > 10 K the values of
magnetic field needed to increase or decrease the coher-
ence in this metal-silicate framework, are higher than
the available field intensities usually created in labora-
tories, which indicates that the coherence in this low-
dimensional molecular magnetic system cannot be de-
stroyed or enhanced by a common longitudinal or trans-
verse magnetic field, respectively, for temperatures above
10 K, providing the quantum coherence of this low-
dimensional molecular magnetic system is resistant to
magnetic field application above this temperature.
III. CONCLUSIONS
In summary, we have shown a method to evaluate the
degree of quantum coherence in low dimensional mag-
netic materials composed of 1/2-spin dimers, where we
investigate the influence of external parameters, such as
temperature and magnetic fields, on the quantum coher-
ence of the KNaCuSi4O10 prototype material, which is
an ideal simulation of a two-qubit system. At zero mag-
netic field we associated the calculation of the trace norm
quantum coherence with a magnetometric measurement
of the magnetic susceptibility of the compound, using the
experimental data reported in reference 31, which char-
acterizes the magnetic properties of this material. We
established the theoretical relations between the mea-
surement of quantum coherence and the thermodynamic
properties of this prototype material, setting the path for
the experimental measurement of quantum coherence in
low dimensional molecular magnetic materials.
In addition, we investigate the influence of the applied
pressure on the degree of quantum coherence of our pro-
totype material. We observed that increasing the exter-
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Figure 4. (Color online) Temperature dependence of quantum
coherence in the (a) parallel eigenbasis Sz (longitudinal field)
and (b) the perpendicular eigenbasis Sx (transverse field), for
selected magnetic fields.
nal pressure yields a reduction on the degree of coherence
in the system due to structural contraction provided by
applying external pressure. Therefore, the quantum co-
herence of a molecular magnetic system can be handled
by the management structural properties of the material.
Moreover, we also presented a theoretical analysis of the
influence of an external magnetic field on the degree of
coherence of the system, where we investigate the basis
dependence on the coherence. We found that when the
longitudinally field is applied to the reference basis, it de-
creases the degree of coherence in the parallel eigenbasis,
wereas if the transversely field is applied it strengthens
the degree of coherence between the Cu(II) ions in the
dimeric cluster in the transverse eigenbasis.
In this context, the coherence of a low-dimensional
molecular magnetic system can be handled by controlling
the thermodynamic’s external parameters, such as tem-
perature, external pressure and magnetic fields. These
results offer a new prospect for quantum coherence mea-
surement, leading to promising applications in quantum
information science such as the enhancement of quan-
tum properties in low-dimensional molecular magnetic
systems by materials engineering, and the development
of novel candidate platforms for processing and transmis-
sion of quantum information.
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